Abstract: The laser frequency of an Er-doped fiber ring cavity is stabilized using the microbubble resonator (MBR) as the feedback element. The linewidth of the laser is nearly 86 MHz at ∼1560 nm measured by the Fabry-Perot interferometer. Since the thermooptic effect changes the reflectivity of the modes excited inside the MBR, the transition from the dual-wavelength operation to a stable single-wavelength output is found as increasing the pump power. The outstanding advantage of such laser is the microfluidic channel of the MBR which provides an excellent platform for the light to interact with the liquids. Thus, the laser wavelengths could be tuned by injecting different refractive index (RI) liquids into the microbubble. A coupled-cavities system is setup through inserting the MBR into the fiber cavity directly, of which the laser spectrum is very sensitive to the light polarization. Moreover, the laser wavelength could be tuned in a wide wavelength range if the thin-wall MBR is adopted. It provides a way to realize different lasing statues by controlling the light polarization or the RI of liquids inside the MBR.
Stabilizing and Tuning the Laser

Introduction
High Q-value whispering gallery mode (WGM) optical microcavities have attracted much attention due to their advantages of ultrahigh buildup of intensity inside a very small cavity [1] . In the last few decades, they have been widely investigated in both physical foundation and practical applications, such as optical sensing [2] , [3] , optical manipulation [4] - [6] , frequency comb [7] , [8] , nonlinear optics [9] - [12] , and so on. Since the resonance mode in a high Q-value (>10 6 ) cavity has a sub-picometer full width at half maximum (FWHM) in its spectrum, it could be used as a feedback device in the laser cavity for narrowing the laser linewidth and stabilizing the laser frequency. Several types of WGM microcavities including CaF 2 [13] - [16] and MgF 2 [17] - [20] disks, LiNbO 3 resonator [21] , silica microsphere [22] - [24] and microcylinder [25] , and rare earth doped microsphere [26] , [27] have been successfully exploited to achieve the frequency stabilized lasers. In general, the output wavelength of the fiber laser basing on the above solid-core WGM microcavity is relied on controlling the relative position between the fiber taper and the microcavity [22] , [25] . This could selectively excite different WGMs inside the microcavity, which provides the specific feedback for laser oscillating at different wavelengths. However, this needs a strict control of position between the fiber taper and the microcavity. This system is not robust to the external disturbance, which is only a laboratorial work and has a long way to the practical applications.
Recently, microbubble resonators (MBRs) with the hollow-core have aroused many researchers' interests due to their potential applications in scientific and industrial fields [28] - [41] . The MBR is an optical microcavity usually has a thin shell structure surrounding a hollow volume and also processes an excellent optical confinement for WGMs. Compared to solid-core micro-cavities, MBRs have the unique capabilities of the easy integration with microfluidics. The microfluidic channel in the MBR provides an opportunity to have an interaction between the microfluidics and the light that circulates along the MBR equator. In this work, we use a packaged fiber-MBR coupling system [42] as the feedback element in the fiber ring cavity to generate a narrow-linewidth and frequency stabilized lasers. The packaged system has a long-term stability and the wavelength of the output laser could be tuned by injecting different types of liquids into the MBR. This gives an alternative method to modulate the laser spectrum. Our proposed fiber laser processes a reliable stability, easy fabrication and low cost, which is a good candidate for the practical application in the field of the fiber laser.
Microbubble Resonator and Experimental Setup
Our MBR is fabricated by the fuse-and-blow technique [43] and the light is coupled into the resonator by a section of tapered fiber (see the inset of Fig. 1(a) ). The diameter and the shell of the microbubble are 200 and 10 µm, respectively. Fig. 1(a) shows the schematic of the packaged of the MBR with the tapered fiber. The positions of the MBR and the tapered fiber are precisely controlled to guarantee an optimal coupling condition. Then, they are fixed on a glass substrate by the UV glue, a cover glass is put on four glass slides to insulate dust to fall onto the coupling system. Both ends of the MBR are connected with the Teflon tubes to transport liquid samples. The whole packaged coupling system could avoid environmental disturbance and also be moved freely. The transmission and reflection spectra of the MBR are measured by scanning the wavelength using a tunable laser, and the signal is monitored by an oscilloscope. The spectra are shown in Fig. 1 (b) and a typical mode in the transmission spectrum is demonstrated in Fig. 1(c) . The linewidth of this mode is nearly 0.0026 nm, which is corresponding to the Q = 6 × 105 at ∼1562.5 nm. During the package process, to ensure the stability of the fiber-MBR coupling system, the tapered fiber is in touch with the microbubble. Therefore, most of the modes are under the over-coupling status resulting in the intensive modes and the lower Q-values. Of course, the critical-coupling status and the less amount of modes could be achieved by controlling the gap between the fiber and the microbubble. However, it is working at the laboratory and not facilitating the practical application. Therefore, we adopt the packaged fiber-MBR coupling system as the stabilizing frequency element. Another distinct feature is that the amount of modes in the reflection spectrum is reduced greatly. The reflective WGMs originate from the backscattering inside the MBR. The back-scattered WGM of the lower Q-value has a larger loss and could not build up a stable beam that circulates in the counter-direction then travel back to the tapered fiber. Fig. 2 shows the experimental setup of the fiber laser cavity. We use a Laser Diode (LD) at 976 nm to pump a section of Er-doped fiber of 80 cm. The Er-doped fiber is a single mode fiber with the absorption of 80 dB/m for the pump wave. Therefore, the pump wave will be absorbed before they enter into the MBR. The circulator is used to collect the reflective light from the MBR as the feedback for the laser in the fiber cavity. The isolator ensures the unidirectional propagation, and the laser is outputted by a 50% coupler. The total length of the fiber ring cavity is nearly 32 m. Fig. 3 shows the spectra at different pump power which are measured by the optical spectrum analyzer (OSA). The dual-wavelength state is found within certain range of the pump power. Finally, the laser is stabilized at the original wavelength if we continue to increase the pump power. As increasing the pump power, the thermo-optic effect becomes inevitable and changes the effective indices of the WGMs, which leads to the redistributions of the reflectivity of different WGMs. The mode with an increased reflectivity becomes competitive with the original mode resulting in the dualwavelength operation. As further increasing the pump power, the reflectivity of the newly appeared mode is weakened, and therefore, this mode is suppressed. Certainly, inserting a filter or FBG into the fiber ring could ensure a single-wavelength in the whole pumping processing. The linewidth of the laser is narrower than 20 pm due to the resolution limit of the OSA. We use the Fabry-Perot (F-P) interferometer to further measure the linewidth basing on the FWHM of the pulse signal in the oscilloscope. The F-P interferometer we used is a commercial device (SA200-12B, Thorlabs) with a resolution of 7.5 MHz.The measured linewidth is nearly 86 MHz with the central wavelength around 1560 nm, as shown in Fig. 4 . The higher laser threshold is due to the insert loss of the MBR, which could be reduced by optimizing the package processing.
Laser Spectra and Linewidths
Modulating the Laser Spectra
To take advantage of the microfluidic channel inside the MBR, the water is injected into the microbubble to investigate the influence on the laser spectrum. Fig. 5 demonstrates the spectra at different pump power for the fiber laser basing on the water-injected MBR. Being similar to the spectra basing on the empty MBR, we also find the dual-wavelength laser and stabilized single wavelength state after increasing the pump power. Compared to the empty MBR, the laser wavelength has a shift when inject the water into it. To characterize the wavelength-tunable ability of our fiber laser, we prepared the liquids with different refractive index (RI) to be injected into the microbubble. The RI liquids are prepared by the mixture of water and the dimethylsulfoxide (DMSO). The concentration-dependent RIs of DMSO liquids are listed in Table 1 . Under a 120 mW pump power, the relationship between the laser central wavelength and the RIs of the injected liquids are shown in Fig. 6 . The red line represents the line fitting. The redshift of the laser central wavelength is found as increasing the RI of the injected liquids. The liquids inside the microbubble will interact with the light resulting in the change of the effective RIs of WGMs. Then, it will shift the resonance wavelength of the WGM which changes the feedback wavelength from the MBR. It should be pointed out that before a new type of liquid is injected into the microbubble, we should evacuate the microbubble. Definitely, in this process, the laser spectrum can return to the state for the empty MBR. If we directly insert the MBR into the fiber laser cavity, as shown in Fig. 7(a) , we could setup a coupled system of two cavities, one cavity is the MBR and the other is the fiber ring. The resonance modes in this coupled-cavities system have to satisfy the resonance conditions of both two cavities. That means the MBR here also plays a role of selecting the modes which oscillates in the fiber ring cavity. Based on this, we also obtain a narrow linewidth laser. This cavity structure is to exploit the transmission characteristic of the MBR. We can see that its transmission spectrum in Fig. 1(b) has very dense modes and the small difference between the transmissivity of the WGMs causes a drastic multi-mode competition. The transmissivity of the WGMs is also sensitive to the light polarization. A slightly varying of the polarization state finally leads to different laser spectra. By precisely controlling the light polarization, we have obtained different laser emission status. Since a drastic mode competition occurs between the WGMs, a slightly change of transmissivity caused by the polarization will lead to the mode hopping. Fig. 7(b) show the laser spectra of different multi-wavelengths status under a fixed pump power (83 mW), respectively. Moreover, this cavity structure has a lower threshold due to the lower insertion loss in the fiber ring for the transmissivity of the WGMs than that for the reflectivity. We also use a MBR with a thin wall of 5 µm for tuning the laser wavelength by injecting different liquids. As seen from Fig. 7(c) , mode hopping occurs within a larger wavelength range but the laser spectrum also keeps a single-wavelength status. Since the thin wall MBR enhances the interaction between the light and the liquids, so the laser feedbacks of the WGMs with different wavelengths change drastically. The laser mode with the largest gain will switch to another one. To change the laser wavelength continuously, we can vary the RI of the liquids more slightly. On the other hand, if we increase the gap between the tapered fiber and the MBR to excite fewer modes even only one set of WGMs, the mode hopping could be suppressed and the laser wavelength will be tuned continuously. 
Conclusion
In conclusion, we demonstrate a demo experiment for stabilizing the frequency of an Er-doped fiber laser using the MBR and modulating the laser spectra by injecting different liquids into the microbubble, which is benefit from the microfluidic channel in the MBR. Be different from the fiberresonator coupling system in the laboratory, the packaged MBR used in our experiments is robust to the external environmental disturbance. The microfluidic system need not precisely control the gap between the fiber and the resonator to tune the laser wavelength, which provides an alternative method to achieve the wavelength-tunable laser. Finally, the laser performance could be improved in the future experiments. For example, ensure the WGMs are under the critical-coupling status to improve the Q values of the modes, which will further decrease the laser linewidth. Moreover, the lower laser threshold could be achieved by reducing the insert loss of the MBR during the packaged process, and the wavelength range will be expanded by using the MBR of the thin wall. The fiber laser presented in this paper has a very high potential for some practical applications, such as the narrow linewidth and wavelength-tunable fiber laser which needs a higher capacity of resistant to the environmental disturbance.
